Electromagnetic systems for imaging concealed objects at checkpoints typically employ radiation at millimetre and terahertz frequencies. These systems have been shown to be effective and provide a sufficiently high resolution image. However there are difficulties and current electromagnetic systems have limitations particularly in accurately differentiating between threat and innocuous objects based on shape, surface emissivity or reflectivity, which are indicative parameters. In addition, water has a high absorption coefficient at millimetre wavelength and terahertz frequencies, which makes it more difficult for these frequencies to image through thick damp clothing. This paper considers the potential of using ultra wideband (UWB) in the low gigahertz range. The application of this frequency band to security screening appears to be a relatively new field. The business case for implementing the UWB system has been made financially viable by the recent availability of low-cost integrated circuits operating at these frequencies. Although designed for the communication sector, these devices can perform the required UWB radar measurements as well.
The data pre-processing methods of background subtraction and deconvolution are implemented to improve the image quality. The background subtraction method uses a reference dataset to remove antenna crosstalk and room reflections from the dataset. The deconvolution method uses a Wiener filter to "sharpen" the returned echoes which improves the resolution of the reconstructed image. The filter uses an impulse response reference dataset and a signal-to-noise parameter to determine how the frequencies contained in the echo dataset are normalised. The chosen image reconstruction algorithm is based on the back-projection method. The algorithm was implemented in MATLAB and uses a pre-calculated sensitivity matrix to increase the computation speed.
The results include both 2D and 3D image datasets. The 3D datasets were obtained by scanning the dual sixteen element linear antenna array over the test object. The system has been tested on both humans and mannequin test objects. The front surface of an object placed on the human/mannequin torso is clearly visible, but its presence is also seen from a tell-tale imaging characteristic. This characteristic is caused by a reduction in the wave velocity as the electromagnetic radiation passes through the object, and manifests as an indentation in the reconstructed image that is readily identifiable. The prototype system has been shown to easily detect a 12 mm x 30 mm x70 mm plastic object concealed under clothing.
INTRODUCTION
An important feature of border and security checkpoints is to detect contraband, such as drugs and weapons. Terrorist threats have evolved from checked baggage, to carry-on baggage, to air cargo, and to non-metallic explosives hidden on the body [1] . Cargo and baggage can be evaluated using ionising radiation, whereas humans must be subjected to only low energy and low radiation levels, if it is permitted at all.
Since the human body is a non-metallic object, and the person can be asked to remove metallic objects, metal detectors do not need to discriminate between object types; they only need to signal that a metallic object is present. Of course, non-metallic objects will not be found by the metal detectors, so an alternative means of detecting these objects is required. Consequently, whole body imaging (WBI) techniques are of interest whereby a 3D dataset of the candidate subject is captured to reveal non-metallic objects concealed under clothing. This 3D dataset is required for the purpose of object discrimination by comparison of the measurement body profile with a typical human body shape. Typically millimetric waves or X-rays have been used and the candidate is required to stand with their arms raised, and legs separated, so that the interrogating field (X-ray or electromagnetic) is able to cover the full surface area of the body. The current scanning times for the millimetric wave systems are the order of seconds [1] .
To ensure privacy, the 3D body image may be analysed by a computer algorithm rather than by a human operator. This algorithm is termed Automatic Target Recognition (ATR) and presents a simple output to the operator. For example, the user interface may either display the word "OK" when no anomaly is detected, or show an image of the anomaly on a generic outline of a person when a positive alarm occurs [1] .
The ideal WBI imaging system for detecting threat objects would have the following features. It would:
• Be safe.
• Be capable of detecting all threat objects such as metal and ceramic knives, IED vests, powdered and liquid drugs etc.
• Make it hard to cloak the threat object e.g. cloaking by embedding it in another object.
• Allow a high number of people to be scanned per minute, preferably a scan time of 15 seconds or less per person [2] .
• Be unobtrusive to the person and keep them at their ease, for instance the person simply walks through a corridor.
• Have low false alarm rate whilst having a high detection rate.
• Be able to discriminate between different types of objects to permit the person to walk through without having to put their items in a tray.
In 2013, in the USA there are more than 740 Advanced Imaging Technology machines located at almost 160 airports nationwide [3] . The AIT scanners are also present in governmental locations such as courts, a justice centre and a prison. Both active and passive mm-wave and THz systems have been deployed with some success in both portal format (walking through a deep door frame), and stand-off detection where the system is a few meters or more from the target. A possible problem with Millimetric wave and Terahertz frequencies is that they are partially absorbed when passing through thick or damp clothing [4] which may lead to a reduction in the signal to noise level. The peak dielectric loss of pure water at 20°C is approximately 16 GHz, with further resonances in the 100 GHz and terahertz region [5] .
The reconstructed images can appear to show artefacts, for instance between the person's legs. This problem is due to multipath propagation of the waves. A typical multipath example is when the emitted EM wave hits a leg, and is then reflected onto the other leg, and from there reflected into the receiving antenna. If the reconstruction method assumes all reflections have come from a single surface reflection then this "second order" reflection echo will be seen as an imaging artefact. It may be possible to remove this multipath artefact using a higher order reconstruction algorithm [6] . In order to detect low reflectivity objects in the presence of strong multipath signals, the reconstruction algorithm needs to model the multipath signals correctly; this would prevent the strong signal from remaining in pixels where there is no object. This would also enable a high reconstructed image dynamic range.
In their November 2011 statement [7] , the Transportation Security Administration acknowledged that improvements can be made in detection efficiency in the operation of millimetre wave imaging systems. The research reported here considers the potential of using ultra wideband microwave techniques.
BACKGROUND -ULTRA WIDE-BAND IMAGING
There are many electromagnetic methods of object detection which are categorised by their approximate operating frequency bands. Most systems can be operated in an "active" mode where a transducer emits a signal, which then interacts with the object, and is subsequently detected by a receiver. Some systems can also work in a passive mode, relying on signals generated either by the body, or by independent external sources:
• Magnetic: 100 Hz to 10 kHz.
• Capacitive: 100 kHz to 10 MHz.
• Millimetric: 30 GHz to 100 GHz.
• Terahertz -100 GHz to 300 GHz.
• Infrared.
• X-Ray Backscatter -Currently forbidden in the EU [8] , and not used in the USA [9] . There are also non-electromagnetic approaches, for example using ultrasound [10] .
The Defence Advanced Research Project Agency (DARPA) 1990 "Assessment of UWB Radar" defined UWB radar as any radar whose fractional bandwidth is greater than 0.25, regardless of the centre frequency or the signal timebandwidth product [11] . In this paper we use the label "UWB" to mean the band in the low GHz that is licensed for UWB communications by different countries. This band is typically defined as running from 1 GHz to 12 GHz. The amount of power that can be emitted at each frequency varies across the band. This permitted power output variation is called the "mask". Many countries define their mask differently. The simplest mask was Singapore's 2003 "UWB Friendly Zone" with a constant power output (-35 dBm/MHz) over the 2.2 GHz to 10.6 GHz band [12] , although Singapore now has a more complicated mask [13] .
The low GHz spectrum (e.g. 3 -10 GHz) has so far seen little use in security imaging applications. This may be due to it having longer wavelengths (3 cm to 10 cm) than millimetre waves so from Rayleigh's criterion for angular (cross-range) resolution, for the same array size UWB should have a lower cross-range resolution than millimetre waves. However, the down-range resolution is not limited by signal frequency, but instead it is a function of phase accuracy, and bandwidth for depth disambiguation. A more detailed consideration of resolution is given by [14] . Although it may be easier to obtain a wide absolute bandwidth at a high centre frequency than at a low one, it is possible and practicable to achieve a 5 GHz bandwidth with a centre frequency of about 4 GHz.
Threat objects concealed on the body have a constrained size range -they have to be big enough to pose a threat, but small and especially thin enough so that they are not easy to spot under the clothing. UWB wavelengths are of the order of centimetres up to tens of centimetres. The fact that the wavelengths are of the order of the sizes of concealed objects means that the wave interacts with the object as a whole, rather than having an optical type surface reflection. For example, [15] looked at the interaction of UWB and handguns. This interaction may enable object detection using the frequency spectra signature of the echo response in addition to the millimetre wave image processing based object characterisation.
The business case for implementing the UWB system has been made financially viable by the recent availability of lowcost integrated circuits. Although designed for the communication sector, these chips can perform the required radar measurements.
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EXPERIMENTAL SYSTEM
The system used the Novelda NVA6100A radar integrated circuit for its UWB radar. The system configuration was implemented as shown in figure 1 , with the measured capabilities and key parameters of the system given in table 1. The frequency response of the Novelda system was measured using three different input amplifier gain settings and the results are shown in figure 2. A total of 32 antennas were chosen for the antenna array. Due to the number of antennas used, desired attributes for antennas in this system are to be lightweight and cheap to manufacture. The antennas should also have a high gain in the boresight direction in order to give a good signal to noise level and to make the system less sensitive to unwanted echoes in other directions. The antipodal Vivaldi antenna was chosen as it measured up to these design requirements.
Previous work in the group was based on Vivaldi antennas. The variation in the S11 frequency response of four of these identically manufactured Vivaldi antennas is shown in figure 3 . Work by [16] indicated that the antenna response could be improved by using an antipodal design with a tapered transition from microstrip to symmetric double-sided slot-line. This removes the bandwidth limitations of the microstrip / slotline transition which means that the lower frequency limit should be solely determined by the dimension at the end of the flare. Since the electric fields across each side of the slot are no longer in a single plane, the result is a poor crosspolar performance at higher frequencies (where the geometric skew is higher) [17] . The chosen design is similar to that used in Microwave Engineering Europe's 2000 CAD benchmark comparison [17] , and is based on the design in [18] . This design uses an offset microstrip which will skew the field, as it also does in the antipodal slot radiating part of the antenna.
The design, as given in [18] , is based on a number of transmission line design calculations:
• The wavelength of the field in the material, which is a function of the permittivity of the dielectric substrate.
• The ratio of the microstrip line width and separation, which relates to the required input and output impedances and the permittivity of the substrate.
• The antenna width at the end of the flare, governed by half the largest desired wavelength in the substrate, since the waves are radiated when the edge spacing is greater than a ½ wavelength [19] .
• The length of the flare (paired stripline), which is taken to be at least 14 times the strip-line width. Finally, the overall length of the antenna was chosen to be twice the width, so that it equalled the largest desired wavelength in the substrate.
A thicker substrate separation between top and bottom parts increases the directivity (and sidelobes), and the higher the permittivity of the substrate, the narrower the main beam [20] . However, standard thickness FR-4 is used for the substrate material since it is both low cost and easy to manufacture. FR-4 is a standard glass-reinforced epoxy laminate sheet used for printed circuit board manufacture. The dimensions and design of the chosen antenna are shown in figure 4 , with the physical properties of the PCB material given in table 2. 
Property Value
Substrate relative permittivity 4. The antenna's frequency and angular response were simulated in CST Microwave Studio and are indicated by the dashed curve in figure 5 . The antennas were manufactured in the university PCB facility and measured in a microwave anechoic chamber. The experimentally measured return loss (S11) parameters are shown as the solid curve in figure 5 . The simulation results given in [18] indicated that it should achieve a -10 dB S11 reflection coefficient between 3.3 GHz and 6.2 GHz, with resonances at 4.5 GHz and 5.8 GHz. However our implementation of the design in CST Microwave Studio gives a -10 dB S11 reflection coefficient between 4 GHz and 4.7 GHz, and also above 6 GHz, with resonances at 5 GHz and 6.3 GHz.
The E-Plane radiation pattern was measured and is shown in figure 6 below, indicating a beam-width of 85 degrees. The two arrays of 16 antennas were connected to the radar measurement electronics via eight multiplexers. Each multiplexer was a single pole, six throw multiport switch (Agilent L7106B). This multiplexer has the specification of an insertion loss between -0.3 dB to -0.5 dB, and an isolation between 120 dB to 105 dB over the expected range of 1 to 10 GHz. The multiplexers were controlled using two Adlink NuDAQ PCI-7256 PCI cards and were connected together using semi-rigid copper cable with a 2 dB/m loss. 
SYSTEM CONTROL AND DATA PROCESSING
The system control and data display was implemented in LabVIEW with the image reconstruction implemented as a MATLAB function that is called from within LabVIEW.
The data processing consisted:
• Background subtraction for the removal of antenna-cross talk and static reflections.
• Deconvolution filtering using a Wiener filter.
• Image reconstruction from the measurements of all the possible antenna pairs.
The Wiener filter requires an impulse response signal which the algorithm uses to modify the frequency response of the measurements on the unknown object. Each different antenna pair uses a separate impulse response signal. The impulse response signals are created by using a large mirror as the reflecting object.
The background signal is removed both from the impulse response signals and the object measurements as shown in figure 7. The image reconstruction is performed through the use of the backprojection technique. The basic concept of backprojection is to transmit a pulse and record both the time taken for the subsequent reflection to reach the receiver and the corresponding magnitude of the received signal. This time taken from the transmitter to the object and back to the receiver is called the round trip time (RTT) [21] .
The space in which the antennas are operating is split into cells in a grid pattern as shown in figure 8 . A grid size of 450 mm x 500 mm was chosen in order to allow for flexible positioning of the human subjects. The two reflections shown in figure 8 originate from two of these cells (highlighted two cells in front of the head). However each cell does not have a unique round trip time (RTT) for a given transmitter-receiver (Tx-Rx) pair, so all the cells on an ellipse will have the same RTT. Therefore the RTT corresponding to reflection one (R 1 ) is not unique to a specific cell; as a result all the cells on the hyperbola are given the same magnitude. When R 2 reaches the second receiver, the RTT for this signal will not be the same as R 1 , consequently this is mapped onto its own ellipse. The magnitudes of these reflection ellipses are summed. Using multiple Tx-Rx pairs and mapping their RTTs onto the corresponding ellipses, the magnitudes at the intersection points build up. This procedure produces an outline reconstruction of the object.
RESULTS
The datasets are created using a three stage process:
1. Capture background data with no object in front of the array 2. Capture the reference data by placing a large flat mirror standing perpendicular to the array, 0.6 m away 3. Capture the data for the object. The two dimensional reconstruction from reflections off a 230 mm water bottle is shown in figure 9 , along with the colour chart. The bottle has been superimposed on the image for clarity. The main section of the bottle has been clearly detected by the reconstruction algorithm. Figure 10 demonstrates the effect of an object placed on top of the bulk reflecting object. Here the bulk reflecting object is the water bottle and the object placed on to is a plastic rectangular solid. The lower dashed horizontal line shown on the reconstruction in figure 10 indicates the front face of the rectangular solid object, whilst the upper dashed line is the front face of the water bottle. The back face of the rectangular solid object is coincident with the front face of the water bottle and they are shown indented into the bottle compared to reflections of the ends of the bottle. This is due to the fact that the electromagnetic waves slow down in the plastic dielectric and therefore take longer to travel the same distance relative to air. The RTT equation assumes all materials have a unity relative permittivity and therefore a constant velocity, so it maps the reflections to a position further from the antennas than they actually are, giving the impression of the indentation.
A full sized mannequin was then used as the test object to investigate the ability of the system to detect various objects placed on the human body. The mannequin was made out of polystyrene which is not as reflective as the high watercontent human body. Aluminium tape was used to cover the midsection of the mannequin in order to replicate the reflectivity of the body at these frequencies. Figure 11 shows a 2D reconstruction midway up the torso. The torso curvature can be seen, with a strong reflection from the middle region of the torso since this region is parallel to the antenna array. Similar results have been obtained from human subjects. A plastic rectangular solid object was then placed on the torso. This produced an indent on the torso curvature in the reconstructed image, as shown in figure 12, for reasons described above. 
Extension to 3D imaging
To perform a scan of a whole torso, the linear array system was attached to a 1D scanner system. A mannequin was placed beneath the scanner as shown in figure 13 . The imaging system then measured the full set of antenna pairs at ten scan positions separated by 20 mm intervals. The scan therefore covered the 200 mm torso mid-section of the mannequin. The 2D reconstructed images were stacked using the "VolView" image display software to create a 3D image. Since only the 3D position of the surface of the object is reconstructed, the obtained reconstruction is more accurately termed a 2.5D dataset as opposed to a 3D dataset. The VolView software was also used to isolate the body signal in order to construct an image as shown in figure 14 . It can be seen that the 2.5D shape gives a representation of the mannequin's torso. A 30 mm x 45 mm x 100 mm plastic rectangular solid object was placed on the mannequin's torso. The resultant reconstruction can be rotated in 3D space within the software. An oblique view is shown in figure 15 . The indentation of the image caused by the object can be seen as an apparent hole in the centre of the body. A "floating" piece of material can also be seen in the image, slightly to the right and above the hole. This represents the nearest face of the rectangular solid object to the antennas, and is created by the direct reflections from the object's surface.
The minimum object size detectable on the mannequin, and also on a human body placed under a cotton t-shirt, was determined to be approximately 12 mm x 30 mm x 70 mm.
CONCLUSIONS
This paper has described the background and requirements of whole body imaging and the context behind UWB imaging for concealed object detection. It has described the measurement system comprising separate transmit and receive linear arrays, each consisting a 16 element antipodal Vivaldi antenna array that was used for data capture.
The object surface was estimated by measuring the reflected UWB radar echoes for all possible antenna combinations of transmit and receive pairings. By scanning the antenna array over the object, a 3D surface reconstruction of the human torso was created. These reconstructed images form a convincing proof of concept.
The current system has the capability to scan and detect a concealed 12 mm x 30 mm x 70 mm non-metallic object placed on a human torso, under a cotton t-shirt, from a distance of 200 mm in 55 seconds. The authors believe that this detectability and measurement speed could be significantly improved with a better experimental system and improved image / signal processing. Therefore, the current performance does not represent the fundamental limit of the technique.
